plants (Krause and Weis, 1984; . The use of Chl an initial pH of approximately 7.7 by adding 1 mM NaOH and 1 g L Ϫ1 of CaCO 3 . This treatment simulates condifluorescence has been extended to remote sensing of terrestrial vegetation (Cerovic et al., 1996, and references tions usually found in the field which lead to Fe deficiency. Plants were used for measurements 1 week after therein). Specific LIDAR (light detection and ranging) apparatus have been developed for the remote sensing transferring the plants to an iron-free nutrient solution. Plants were grown under 350 lmol photons m Ϫ2 s Ϫ1 PAR, of Chl fluorescence of terrestrial vegetation (Rosema et al., 1988; Cecchi et al., 1994; Goulas et al., 1994 ; Moya at a temperature of 25ЊC, 80% relative humidity and a photoperiod of 16 h light/8 h dark. Young, rapidly exet al., 1995) . These devices use laser sources and gated light detection to discriminate changes in Chl fluorespanding leaves were used for all measurements. All chlorotic leaves sampled had no green veins, and showed a cence yield from scattered and reflected solar radiation, and also from Chl fluorescence excited by sunlight. This homogeneous color throughout the leaf. Leaves receiving a similar PPFD on their surface were chosen for analysis. approach is similar to that used in the pulse amplitude modulation (PAM) technique applied in near-contact fluMeasurements were performed in the greenhouse with intact plants. One leaf was attached to a stand and orimeters (Schreiber et al., 1986; exposed to radiation from the s-LIDAR, the modified 1993). The main limitation of both LIDARs and PAM-PAM-fluorimeter and a light-supplementing projector fluorimeters in remote sensing applications is that they (350 lmol photons m Ϫ2 s Ϫ1 PAR). measure signal amplitude, which depends on the distance from the sample to the measuring device and also on the degree of atmospheric light transmission. This Pigment Analysis problem can be solved by performing simultaneous fluoChlorophyll concentration per area was estimated nonderescence measurements at two wavelengths and then usstructively by using an SPAD-502 Minolta device (a poring the fluorescence ratio as signature (Lichtenthaler and table Chl meter). For calibration of the apparatus, 40 Rinderle, 1988; Cecchi et al., 1994 ). An alternative apleaf disks across all the Chl range used were first meaproach is to measure fluorescence lifetime, which does sured with the SPAD, then frozen in liquid N 2 , extracted not depend on the factors mentioned above (Moya et al., in 100% acetone as described previously (Abadía and Ab-1992; Cerovic et al., 1996 Cerovic et al., ). adía, 1993 Morales et al., 1994) and the extracts anaThe main aim of this work was to characterize the lyzed spectrophotometrically according to Lichtenthaler photosynthetic induction of sugar beet leaves affected by (1987) . The relationship between SPAD and Chl concenFe deficiency by using the s-LIDAR, an apparatus that tration per area was logarithmic (r 2 ϭ0.95; Abadía and measures fluorescence lifetimes by using picosecond laAbadía, 1993). Curve fitting was made with Kaleidagraph ser pulses Moya et al., 1995) . We v.3.08 for Macintosh (Synergy Software, Reading, PA). compared the results obtained with the s-LIDAR and a modified PAM-fluorimeter (Cerovic et al., 1996) to inRemote Sensing of Chlorophyll Fluorescence vestigate the photosynthetic induction of sugar beet Measurements of Chl fluorescence yields were performed leaves affected by Fe deficiency. This allowed us to meausing a modified PAM-fluorimeter (Cerovic et al., 1996) . sure simultaneously and compare Chl fluorescence lifeThe adaptation was based on an emission-detection unit, times (measured with the s-LIDAR) and Chl fluorescence consisting of a laser diode (Philips CQL840/D, Eindhoven, yields (measured with the modified PAM-fluorimeter).
The Netherlands) as excitation source (kϭ635 nm), a Quenching analyses were also performed in separate exFresnel lens (0.15 m of diameter), and a photodiode periments during the photosynthetic induction of sugar (S3590-01, Hamamatsu, Japan) protected by a red highbeet leaves affected by Fe deficiency.
pass filter Schott, France) . This unit permitted the measurement of Chl fluorescence yields from a distance of 0.5 m to 1 m using the PAM principle and elec-MATERIAL AND METHODS tronics (PAM-101, Walz, Effeltrich, Germany). Data were Plant Material automatically collected by a computer every 15 s by means of a home-made acquisition program. Sugar beet (Beta vulgaris cv. Monohil, Hilleshö g, Landskrö na, Sweden) was grown in a growth chamber. Seeds
The operation principle of the s-LIDAR (light detection and ranging) has been described previously (Gouwere germinated and grown in vermiculite for 2 weeks. Seedlings were grown for 2 more weeks in 3/8-strength las et al., 1994; Moya et al., 1995 Bilger and Bjö rkman (1990) . rophyll fluorescence and the backscattered signal were seThe fractions of light absorbed that are dissipated in the lected with a red highpass filter Schott, France) PSII antenna (D) and utilized in PSII photochemistry (P) and an interference 335 nm filter (Oriel, Stratford, Connecwere estimated from 1Ϫ(FЈ v /FЈ m ) and (FЈ v /FЈ m )·q P (Demmigticut), respectively. The current pulse from the photomul- Adams et al., 1996) . It should be noted that, although tiplier output was digitized with a high bandwidth tranthe parameter P is equivalent to ⌽ PSII , both are comsient analyzer (Tektronix SCD 1000, 1-GHz bandwidth).
monly used in the literature. The fraction of light abTwo ways of estimating the mean Chl fluorescence sorbed by PSII that is not used in photochemistry nor lifetime were used: i) the barycenter lifetime (s bar , dedissipated in the PSII antenna (X) may reflect deexcitafined as the difference between the barycenters of the tion of singlet excited Chl via the triplet pathway and was Chl fluorescence and the backscattered signals), which estimated from (FЈ v /FЈ m )·(1Ϫq P ), according to Demmigcan be estimated easily during the experiment, and ii) Adams et al. (1996) . the deconvoluted lifetime (s m , mean Chl fluorescence lifetime calculated by deconvolution), which requires further data analysis. Backscattered signals from 8 pulses RESULTS AND DISCUSSION were averaged and compared to the average of 8 Chl flu-
Effects of Iron Deficiency On The Mean orescence signals. This sequence was repeated every
Chlorophyll Fluorescence Lifetime at the 2 min, and s bar was calculated as described previously F o (Dark-Adapted) and F s (Steady-State) (Cerovic et al., 1996) . Deconvolution and calculation of Fluorescence Levels s m were also performed every 30 min as described in
The results obtained show that Fe deficiency increased Goulas et al. (1994) using the Fluomarqt II program the mean Chl fluorescence lifetime both in dark-adapted (LURE, Orsay, France). In some experiments s m was the leaves and at steady-state photosynthesis. These increases only parameter recorded to estimate the mean Chl fluoin Chl fluorescence lifetimes can be detected from a rescence lifetime. The correctness of the deconvolution long distance with the s-LIDAR apparatus. After 30 min was judged from the examination of the distribution of of dark-adaptation, control leaves (400-500 lmol Chl the weighed residuals between the calculated and the exm Ϫ2 ) had mean Chl fluorescence lifetimes (s m ) of approxperimental function, and the autocorrelation function of imately 0.40 ns (Fig. 1A) . Dark-adapted, Fe-deficient the residue (Grinwald and Steinberg, 1974 (Fig. 1B) . Higher s m values may be requenching analysis only at a distance of a few cm from the lated to closure of PSII reaction centers and/or decreases leaf (Bolhàr-Nordenkampf et al., 1989) . The experimental of intrinsic PSII efficiency; both have been shown to ocprotocol for the analysis of the Chl fluorescence quenchcur in illuminated, Fe-deficient sugar beet leaves (Moing was essentially as described by Genty et al. (1989) . rales et al., 1998). White light was obtained from Schö tt halogen lamps. F m , Little information is currently available in the literathe maximal fluorescence yield in the dark, and FЈ m , the ture on changes induced by other stresses on Chl fluomaximal fluorescence yield during energization, were mearescence lifetimes in intact leaves. Schneckenburger and sured at 100 kHz with a 1 s pulse of 5300 lmol photons Frenz (1986) reported increases in Chl fluorescence lifem Ϫ2 s Ϫ1 of white light. FЈ m and F (F s at steady-state phototimes in spruce and pine needles after exposition to high synthesis) were measured during the photosynthetic induc-O 3 doses. Heat stress induced increases in Chl fluorestion. The actual PSII efficiency (PSII efficiency at steadycence lifetime in barley leaves . state photosynthesis, ⌽ PSII ) and the intrinsic PSII efficiency Dark-adapted, water-stressed leaves had similar Chl fluo-(PSII efficiency with all PSII centers open, ⌽ exc. ) were calrescence lifetimes than controls; however, once illumiculated as (FЈ m ϪF)/FЈ m and FЈ v /FЈ m , respectively (Genty et al., nated water-stressed leaves showed decreases in the mean 1989; Harbinson et al., 1989) , where FЈ v is the variable part Chl fluorescence lifetimes when compared to the conof Chl fluorescence at any time of the photosynthetic induction. Photochemical quenching (q P ) was calculated as trols (Schmuck et al., 1992; Cerovic et al., 1996) . rescence yields and s bar values became similar to those However, s bar was higher in Fe-deficient leaves than in found at the beginning of the experiment. controls; control, moderately and severely Fe-deficient
The relationships between Chl fluorescence yields leaves had s bar values of approximately 0.35 ns, 0.45 ns, and lifetimes could be described with polynomial curves and 0.50 ns (Figs. 2A, B , and C), respectively. Switching (Fig. 3) . Close to linear, positive relationships between on the projector caused a transient increase in Chl fluoChl fluorescence yields and Chl fluorescence lifetimes rescence yield that was also accompanied by a transient have been reported when these parameters were changed increase in s bar values. It should be mentioned that maxiby photochemical quenching in algae (Moya, 1974) and mum fluorescence values are not depicted in Figure 2 by nonphotochemical quenching in nonstressed leaves because the sampling rate (1 data every 15 s) was too . Close to linear relationships were small to detect the peak maximum. At steady-state phorecently found for several plant species in both control tosynthesis control and Fe-deficient leaves had Chl fluoand water-stressed leaves (Cerovic et al., 1996) . All these rescence yields of approximately 1.0 and 1.2 relative reports were carried out with green samples having norunits. The s bar values increased with Fe deficiency; conmal photosynthetic pigment composition. A curvilinear relationship between fluorescence yields and lifetimes trol, moderately and severely Fe-deficient leaves showed was found with changes in both photochemical (q P ) and nonphotochemical quenching (NPQ) during fluorescence induction of non-stressed leaves (Malkin et al., 1980) . Iron deficiency induced larger changes in Chl fluorescence lifetimes than in fluorescence yields. Iron-deficient leaves had, for a given fluorescence yield, higher s bar values than control leaves, and this effect was more marked with severe Fe deficiency (Fig. 3) . Larger changes in Chl fluorescence lifetimes than in fluorescence yields were previously found in detached branches of Quercus pubescens (Gü nther et al., 1994) and water-stressed leaves of several plant species (Cerovic et al., 1996) . In separate experiments we investigated the changes in Chl fluorescence quenchings, measured with near-contact modulated fluorescence, during photosynthetic induction creases in both q P and ⌽ exc. . Severely Fe-deficient leaves showed, during the full time of induction, lower q P and in control and Fe-deficient leaves (Fig. 4) . During most of the photosynthetic induction, when the different types ⌽ exc. values than the controls, and therefore had the lowest ⌽ PSII . After switching off the actinic light ⌽ PSII values of Chl fluorescence quenching develop, Fe-deficient leaves had lower actual PSII efficiencies (⌽ PSII ) than conincreased in both control and Fe-deficient leaves, due to increases in both q P and ⌽ exc. . In accordance with earlier trol leaves. Only during the first 4 min of induction did moderately Fe-deficient leaves have similar ⌽ PSII values results (Belkhodja et al., 1998 ) q P decreased in severely Fe-deficient leaves with time during dark adaptation, to those found in control leaves (Fig. 4A) . This was because moderately Fe-deficient leaves developed higher due to the reduction of the PQ pool. Up to 12 min of photosynthetic induction nonphotophotochemical quenching (q P ; Fig. 4B ) but had lower intrinsic PSII efficiency (⌽ exc. ; Fig. 4C ) than control leaves. chemical quenching (NPQ) development was quite similar in control and Fe-deficient leaves (Fig. 5) . In all After 4 min of induction, moderately Fe-deficient leaves had lower ⌽ PSII values than control leaves, due to deleaves there was a transient increase in NPQ, which reached values of 1.50-2.00 after 2-4 min of induction. At steady-state photosynthesis NPQ values were approximately 0.60, 0.75, and 1.00 in control, moderately and severely Fe-deficient leaves, respectively. Ten minutes after switching off the light, NPQ values had decreased to approximately 0.13 in control and moderately Fe-deficient leaves, and to 0.25 in severely Fe-deficient leaves.
Effects of Iron Deficiency on the Distribution of the Energy Absorbed by Photosystem II during Photosynthetic Induction
Our data indicate that during photosynthetic induction Fe-deficient leaves modified the allocation of the light verely Fe-deficient leaves, respectively. The amount of light absorbed by PSII that was used in photochemistry control and Fe-deficient leaves. These data are in line (P, equivalent to ⌽ PSII ) increased with the time of illumiwith results reported previously for Fe-deficient leaves at nation, reaching at steady-state photosynthesis values of steady-state photosynthesis (Morales et al., 1998). approximately 0.58, 0.40, and 0.25 in control, moderately The amount of light absorbed by PSII that was therand severely Fe-deficient leaves, respectively. The amount mally dissipated (D) was linearly correlated to the extent of light absorbed by PSII that was not used in photoof nonphotochemical quenching (NPQ) (Fig. 7) . A signifchemistry nor thermally dissipated (X) was maximum just icant amount of light (0.20-0.30) was dissipated therafter switching on the light (0.70-0.75), and decreased to mally in control and Fe-deficient leaves at very low NPQ approximately 0.10-0.27 at steady-state photosynthesis.
values. A value of 0.20 is the usual constitutive dissipaThis may indicate deexcitation of singlet excited Chl via tion level in the PSII antenna (Demmig-Adams et al., the triplet pathway during the first moments of illumina-1996) . It should be noted that dissipation of a given tion (Demmig-Adams et al., 1996). After switching off amount of light was done at lower NPQ values in Fedeficient leaves than in control leaves. the light, P increased and D and X decreased in both 
Relationship between Chlorophyll Fluorescence Lifetimes and Chlorophyll Fluorescence Quenching Parameters
Our data show that for each type of leaf the correlation between NPQ or q P (measured by near-contact fluorescence) and Chl fluorescence lifetime (s bar values, measured by remote sensing) was linear and significant (Fig.  8) . For a given NPQ value the Fe-deficient leaves always to NPQ-mediated thermal dissipation and/or closure of Both parameters were plotted for a given time after illumithe PSII reaction centers.
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